Chromatin remodeling during spermatogenesis culminates in the exchange of nucleosomes for transition proteins and protamines as an important part of spermatid development to give rise to healthy sperm. Comparative immunofluorescence analyses of equine and murine testis histological sections were used to characterize nucleoprotein exchange in the stallion. Histone H4 hyperacetylation is considered a key event of histone removal during the nucleoprotein transition to a protamine-based sperm chromatin structure. In the stallion, but not the mouse, H4 was already highly acetylated in lysine residues K5, K8, and K12 in round spermatids almost immediately after meiotic division. Time courses of transition protein 1 (TP1), protamine 1, H2A histone family member Z (H2AFZ), and testis-specific histone H2B variant (TH2B) expression in stallion spermatogenesis were similar to the mouse where protamine 1 and TP1 were only expressed in elongating spermatids much later in spermatid development. The additional acetylation of H4 in K16 position (H4K16ac) was detected during a brief phase of spermatid elongation in both species, concomitant with the phosphorylation of the noncanonical histone variant H2AFX resulting from DNA strand break-mediated DNA relaxation. The results suggest that H4K16 acetylation, which is dependent on DNA damage signaling, may be more important for nucleosome replacement in spermiogenesis than indicated by data obtained in rodents and highlight the value of the stallion as an alternative animal model for investigating human spermatogenesis. A revised classification system of the equine spermatogenic cycle for simplified comparison with the mouse is proposed to this end.
Introduction
Sperm chromatin is very different from that of somatic cells [1, 2] . In the archetypal mammalian, nongermline (somatic) cell, chromatin is composed of nucleosomes complexed with superspiralized DNA, whereas sperm chromatin is extremely compact and based on protamine-DNA complexes. The transition from the nucleosomal to a highly condensed protamine-based chromatin structure takes place during spermiogenesis, the postmeiotic haploid phase of spermatogenesis. Replacement of most histones by transition proteins transition protein 1 (TP1) and TP2, and then later by protamines, changes the DNA structure from a supercoiled nucleosomal form to a relaxed toroid conformation [3] [4] [5] . The dramatic transition in DNA topology during nucleoprotein exchange requires controlled transient DNA double strand breaks [6] [7] [8] [9] [10] . These DNA strand breaks are mediated by topoisomerase 2 beta (TOP2B) [11, 12, 8] and their formation triggers activation of DNA damage signaling pathways, including those mediated by poly(ADP-ribosylation) and by ATM (ataxia telangiectasia mutated) serine/threonine kinase signaling [13] [14] [15] [16] . How the necessary DNA relaxation and the nucleoprotein transition from the nucleosomal to the protamine-based chromatin structure may be coordinated is not well understood, but it has been recognized that completion of spermatid chromatin maturation is important for male fertility in several species [17, 18] . Not all histones are removed from the developing spermatid nucleus and the few histones that remain in human and mouse sperm are associated with promoters of specific genes and other genomic regions important for embryonic development, suggesting that retained histones may epigenetically regulate gene expression in the early embryo [19] [20] [21] [22] [23] [24] [25] . In addition, the tight protamine-based sperm chromatin provides a resilient transport form of the paternal chromosome complement needed for the maintenance of genetic integrity between generations. For these reasons, more comprehensive insights in how the intricate sperm chromatin structure develops may provide better understanding of certain forms of idiopathic male infertility.
Development of the final sperm chromatin structure requires multiple chromatin remodeling steps during spermatogenesis that involve a large number of specialized, in part testis-specific, proteins that include noncanonical histone variants, and enzymes that add posttranslational modifications to histones [26] . Like in humans, cattle and other species, achieving a highly condensed sperm chromatin structure may also be important for stallion fertility and low chromatin quality may contribute to idiopathic infertility in the horse due to structural and epigenetic sperm nuclear defects [27] . The diverse roles of noncanonical histone variants and histone modifications in chromatin remodeling processes during spermatogenesis have been recognized in mice and humans, but very little is known about them in the stallion. In order to evaluate potential causes of chromatinbased idiopathic infertility in stallions as an emerging animal model, we therefore studied hallmark events of nucleoprotein transition in equine spermatogenesis using immunofluorescence staining of histological sections with the goal of understanding similarities and potential differences in chromatin remodeling events during spermatogenesis in mice and horses.
To this end, histone H4 lysine acetylation events (H4K5ac, H4K8ac, H4K12ac, and H4K16ac), which are known to be important for chromatin remodeling in spermatogenesis were characterized in equine spermatogenesis and compared to corresponding events in the mouse. The timing and cell type-specific protein expression of chromatin proteins that are subject to dynamic insertion into germ cell chromatin during spermatogenesis was investigated, including testis-specific histone H2B variant (TH2B) (histone cluster 1 H2B family member a, also known as testis-specific histone H2B, HIST1H2BA), TP1, PRM1 (protamine 1), and H2AFZ (also known as H2AZ, H2A histone family member Z). Because of its known implication with DNA relaxation and histone removal, the timing of H2AFX phosphorylation (H2A histone family member X, also known as H2AX and in its phosphorylated form as gamma-H2AX, here designated pH2AFX) was analyzed as an indicator of DNA double strand break signaling. To make comparisons more tractable, a modified spermatogenic tubule stage identification system was developed for better alignment of the stallion spermatogenic cycle with mouse, rat, and human spermatogenesis.
Material and methods
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless noted otherwise.
Tissue collection
Testis samples from three normal, mature stallions that were 3, 4, and 22 years of age (two Quarter horses (3 and 22 years old) and one Clydesdale, 4 years old), as well as from three immature, pubertal, yearling stallions were obtained as byproducts from routine castration procedures performed by veterinarians in a clinical setting at Utah State University, and immediately dissected into tissue samples of approximately 1 cm 3 in size. These samples were quickly frozen in liquid nitrogen or on dry ice for biochemical analyses, or fixed in 10% formaldehyde or, if used for Periodic Acid-Schiff (PAS) staining, in Bouin's solution for paraffin embedding and histological sectioning. Mouse testes were obtained from wild-type 129SVE (Taconic Biosciences, Hudson, NY) and BL6 (Jackson Laboratory, Bar Harbor, ME) mice. Both strains were housed, used, and cared for as reviewed and approved by the Utah State University Institutional Animal Care and Use Committee. In accordance with the current guidelines by the NIH Office of Laboratory Animal Welfare, animals were humanely euthanized using carbon dioxide asphyxiation followed by cervical dislocation as recommended by the American Veterinary Medical Association. Testes were either snap frozen in liquid nitrogen or fixed in buffered 10% formaldehyde in the same way as the horse testis samples, and further processed as described above for the equine tissue samples.
Histological assessment
Testis tissue samples fixed in Bouin's solution were embedded in paraffin and sectioned for standard PAS staining. Slides were dewaxed and then rehydrated in deionized water. Slides were then immersed in periodic acid solution for 5 min at room temperature, rinsed three times in distilled water, and then incubated with Schiff's reagent (Electron Microscopy Science, Burlington, Ontario) for 15 min at room temperature. Slides were washed in running tap water for 5 min and then counterstained with hematoxylin staining solution for 2 min. Slides were rinsed in tap water then dehydrated, cleared, and mounted using 15 μl of permanent mounting media (Permount, Fisher Chemical). Stained sections were assessed using an AX10 scope.A1 (Carl Zeiss, Jena) microscope using a Plan Apochromat 63/1.4 oil immersion objective (Carl Zeiss, Jena), and microphotographs were taken using a computer-controlled charge coupled device (CCD) black-and-white camera (Axiocam, Carl Zeiss, Jena). Immunofluorescence analyses were performed as described before [9, 13] . Briefly, sections (5 μm) of formalin-fixed, paraffin-embedded tissue were dewaxed using xylene and ethanol incubation steps, and antigen retrieval was performed using target unmasking fluid (Thermo Fisher Scientific) in accordance with the manufacturer's instructions. Slides were washed in phosphatebuffered saline (PBS) buffer and blocked using 3% donkey serum in PBS prior to overnight incubation (4
• C) with primary antibody.
Slides were washed in PBS and incubated with secondary antibody, which was either a donkey antimouse (1:200), or a donkey antirabbit antibody (1:200, both Jackson ImmunoResearch, West Grove, PA), which were either labeled with CY3 or Alexa Fluor 488 fluorescent dyes to detect each primary antibody. Slides were washed in PBS and mounted with coverslips and antifade mounting medium (Vectashield) containing 1 μg/ml 4,6-diamidino-2-phenylindole (DAPI) to stain nuclear DNA. Control slides were incubated with fluorescent-labeled secondary antibodies in absence of primary antibodies in the experiments to control for secondary antibody unspecific binding and tissue autofluorescence. Images were taken using an epifluorescence microscope (Carl Zeiss AX10 scope.A1) equipped with LED illumination (Xcite 120) and oil immersion objectives including a 63× magnification lens (Carl Zeiss Plan Apochromat 63/1.4). A computer-controlled CCD black-andwhite camera (Carl Zeiss Axiocam) was used for microphotography of fluorescent images. In order to create merged images of DAPI-and antibody-labeled structures, individual microphotographs were pseudocolored using Adobe Creative Cloud Photoshop (version 7.1). Microphotographs were nonselectively taken from all tubule stages as shown and were only processed by adjusting brightness and contrast the same across all images of an experiment. Overlays (merged images) were created using the "Exclusion" function of the software. Images were imported into Microsoft PowerPoint and cropped to size where appropriate. In PowerPoint, some images were adjusted for brightness and contrast as well without altering relative intensities within experiments. Criteria for positive labeling of a given cell type by a certain antibody were established as nuclear fluorescence visibly above background present in virtually all tubules of a given developmental stage, and not present in a secondary-antibody-only negative control that was photographed using the same exposure time as the samples that were incubated with primary and secondary antibodies, and present in testis sections of at least two of three different mature stallions investigated. Technical replicates of stallion investigations were performed using tissue from the 3-and 4-year-old stallions in at least three independent experiments each. Immunostaining in mice was reproduced at least twice in tissues from three different animals.
Western blotting was performed using lysates generated from frozen testis material from adult mice (65-160 days old), two immature yearling horses, and two adult (3 and 4 years old) stallions to test the specificity of antibodies using previously described standard protocols [28] . Briefly, sodium dodecyl sulfate (SDS) extracts of whole testis tissue were made from unthawed frozen equine tissue or decapsulated mouse testes by weighing the tissue in cooled, weighed 1.5 ml reaction tubes. Three volumes (v/w) of cooled RIPA buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.4, 1% NP-40, 1% deoxycholic acid, 0.1% SDS), prepared with complete protease inhibitor cocktail (Roche, Indianapolis, IN), were added and the samples homogenized on ice using 1.5 ml reaction tubes with tight-fitting micropestles (VWR, Radnor, PA). Six volumes (v/v) of Laemmli sample buffer (Biorad, Hercules, CA), supplemented with 50 μL/ml mercaptoethanol, were then added to each sample to give a final concentration of 100 ng/μL total testis fresh weight. SDS-polyacrylamide gel electrophoresis (15%) was performed and proteins transferred to low-fluorescence nitrocellulose (0.2 μm pore size) using a wet electro blotting apparatus (BioRad, Hercules, CA). Primary antibodies were diluted using recommended ratios by individual vendor companies in PBS with 1% bovine serum albumin as indicated above and fluorescent secondary antibodies (same as described above for immunofluorescence analyses, diluted 1:2000) were used to simultaneously detect target proteins and mouse antialpha tubulin (TUBA, 1:5000 dilution, Sigma # T9026) using a fluorescence imaging and quantification system (Typhoon scanner, GE Healthcare, Pittsburgh, PA). Primary antibodies were selected prior to this study based on testing a larger panel of commercially available antibodies that would recognize equine target proteins on a western blot and that would be able to specifically bind to the antigen in a histological section using immunofluorescence staining (Supplemental Figure S1) .
The antibodies and their dilution ratios in PBS with 1% donkey serum were used as summarized in Table 1 .
Results

Equine spermatogenic tubule classification
Comparison of equine and murine spermatogenic cycles was based on the occurrence of similar relevant hallmark events in mouse and stallion spermatogenesis, including the first appearance of preleptotene (PL) spermatocytes (stage VIII in the mouse), the event of meiotic division (murine stage XII), the release of mature testicular sperm (spermatids) into the epididymis (spermiation, murine stage VIII), and the elongation of spermatid nuclei (murine stages IX-XII). By aligning these events, which have been described previously for the stallion [29] [30] [31] , with timelines developed for mouse, rat, and human spermatogenesis [5, [32] [33] [34] [35] [36] , eight different stages of spermatogenesis could be identified in the stallion using mostly nuclear shaping as a criterion, where the last stage (VIII) is marked by the presence of meiotic cell division and the brief appearance of secondary spermatocytes (Figure 1 ). Comparable meiotic figures are also found in the last stage of the cycle in mice, stage XII, and in stage IVX in the rat [37] . Similar to the mouse, using acrosome development, up to 12 spermatogenic tubule stages can be identified in the stallion [38] , but this requires specialized staining of the acrosome, which is not always feasible in combination with immunofluorescence analyses. For practical reasons, we therefore limited tubule stage identification to eight stages ( Figure 1B ). Using this system, spermatogenic stage I in the horse is similar to stage I in rats and mice in that it is defined by the presence of new round (Sd1 in the horse) and elongated (Sd9 in the horse) spermatids and A, but not B spermatogonia. In mice, stage VIII is easily identifiable by the event of spermiation, which takes place in stage IV of the proposed equine cycle. In this scheme, the presence of elongating spermatids in the horse is first observed in stages V and VI, similar to stages IX-XI in the mouse. Using these key developmental steps of Figure 3 . Comparative analyses of H4 lysine residue acetylation events in H4K5, H4K8, and H4K12 position in stallion spermatogenesis. Staining of stallion testis sections with individual antibodies specific to H4K5ac, H4k8ac, and H4k12ac was performed to test specificity of the H4ac (penta) antibody (A). Using these individual antibodies confirmed the result that in the stallion H4 is already acetylated in H4K5, H4K8, and H4K12 positions directly after round spermatids emerge from meiosis (Sd1 spermatid step, merged images of Cy3 and DAPI channels using false coloring of individual black and white images). The H4ac (penta) antibody therefore recognizes H4K5ac and H4K8ac, but likely not H4K12ac because the mark is also detected in pachytene spc using the H4K12ac but not the H4ac (penta) antibody (D). (B-D) In the mouse, all three individual H4 acetylation marks were individually detected in preleptotene cells in stage VIII, but not in round spermatids. H4K5ac, H4k8ac, and H4k12ac appeared only in elongating Sd9-Sd11 spermatids, which is the same result obtained with the H4ac (penta) antibody.
spermatogenesis and known cycle length data [30, 31] , the timelines of equine and murine spermatogenesis were aligned to determine the relative lengths of the time intervals between key events. Despite the fact that complete murine spermatogenesis (∼35 days) takes much less time overall than equine spermatogenesis (∼55 days), the relative fraction of time needed per developmental step, as described above, was similar between the two species. In our hands, these hallmark events allowed for practical identification of eight tubular stages in DAPI-stained testis sections where more informative histological staining procedures, such as PAS staining, could not be applied.
Histone H4 acetylation
Because hyperacetylation of histone H4 is believed to be a crucial step in the exchange of the histones for transition proteins and protamines [39, 40] , a polyclonal rabbit antihyperacetylated H4 ("H4 Penta", Millipore, Billerica, MA) was utilized to detect H4 that is acetylated in lysine residues K5 and K8. Unexpectedly, a strong and specific labeling of all round spermatids indicated that H4 hyperacetylation was already present directly after meiosis in stage VIII step 1 (Sd1) spermatids (Figure 2A , summary in Figure 8 ). Virtually, all round spermatids were stained positive in all tubules that harbor this cell type. In mouse testis, the same staining appeared only in step 9 elongating spermatids (Sd9) in stage IX, but not in round spermatids ( Figure 2B ). In both species, nuclei of PL spermatocytes were also labeled with high intensity (Figure 2A , equine stage IV; Figure 2B , murine stage VIII). Weak fluorescence signals in nuclei of equine spermatogonia, pachytene spermatocytes, and peritubular cells were also present, but not in secondary antibody controls (Supplemental Figure S1 ) and should therefore be specific, perhaps representing high basal levels of histone H4 acetylation (Figure 2A) . In order to further confirm H4 hyperacetylation in round spermatids of the stallion, antibodies specifically recognizing the individual acetylated H4 lysine residues H4K5ac, H4K8ac, H4K12ac, and H4K16ac were each used to further dissect H4 acetylation events. H4K5ac and H4K8ac were both detected individually in the same spermatid developmental steps that were also detected by the hyperacetylated H4 (penta) antibody in the stallion ( Figure 3A ) and the mouse ( Figure 3B and C). Acetylation of H4K12 followed a different timeline in the horse with the appearance of the mark in zygotene spermatocytes and subsequent persistence in pachytene spermatocytes and round, as well as elongating, spermatids ( Figure 3A , right panel). In contrast, mouse H4K12ac marks followed a similar pattern as H4K5ac and H4K8ac, namely presence in PL spermatocytes and elongating spermatids only ( Figure 3D ), but not round spermatids like in the stallion. Collectively, these data also confirm that the H4ac (penta) antibody binds to H4 histones that are acetylated in K5 and K8, but not K12 position in the horse. Another H4 acetylation mark is H4K16ac, which is prevalent in elongating spermatids in the mouse [41] , and which occurs in combination with H4K5ac and H4K8ac there. In the stallion, like in the mouse, detection of H4K16ac was highly restricted to elongating spermatids ( Figure 4A , stallion and Figure 4B , mouse). In the stallion, H4K16ac was only apparent in spermatid step 6 (Sd6, Figure 4A , middle panels), where it coincided with H2AFX phosphorylation (pH2AFX, Figure 2C ). H2AFX phosphorylation, which is indicative of DNA double strand breaks, was detectable in PL, leptotene, and zygotene spermatocytes, as well as elongating spermatid steps, in both stallion and mouse spermatogenesis.
In summary, H4K5ac and H4K8ac, but not H4K12ac, were apparently detected by the H4ac (penta) antibody in round spermatids in the stallion, but not the mouse, and individual antibodies raised against the three individual histone marks confirmed this result. H4K12ac is also prevalent in pachytene spermatocytes and is not recognized by the H4ac (penta) antibody. H4K16ac may or may not be recognized by the H4ac (penta) antibody, which was the only antibody that gave more than a single band in the western blot analyses (Supplemental Figure S1A) .
Nucleoprotein exchange in elongating spermatids
Because H4K16ac and pH2AFX were present in elongating steps of both stallion and mouse, we next analyzed the nuclear entry of TP1 as an indicator of the beginning nucleosome replacement ( Figure 5A ). Using immunofluorescence analyses, as expected from data in the mouse [4, 28, 35] (Figure 5B ), the nuclear form of TP1 first appeared in stage V equine spermatids (Sd5) at the onset of nuclear elongation and staining persisted in elongated spermatids until step Sd11 (stage III). In their development, equine Sd5 spermatids correspond to step 9 spermatids (Sd9) in the mouse at the start of nuclear elongation. TP1 was also highly specifically detected as a single band of ∼12 kDa by immunoblotting in testis protein extracts from mature, but not pubertal, immature testis (Supplemental Figure  S1 ) using a commercially available polyclonal antibody.
The testis-specific histone H2B (TH2B) appeared in the nucleus in early equine pachytene spermatocytes in stage I in the stallion ( Figure 6A ), and the therefore relatively later than in the mouse where TH2B became already detectable in leptotene spc in stage X tubules ( Figure 6B ). Both the murine and the equine protein becomes either eliminated from elongating spermatids, or undetectable because of the increasing density of the condensing chromatin, in spermatid steps Sd8 (stallion) and later, corresponding to step Sd9 in the mouse ( Figures 6A, stallion and Figures 6B, mouse) . H2AFZ is a second histone variant enriched in male germ cells where it appears in pachytene cells in the stallion (Figure 6C ), similar to the mouse [42] . The H2AFZ antibody recognized a single band of the correct size in immunoblot analyses ( Figure 4E ) of stallion, but not mouse (not shown), testis extracts. Unfortunately, our antibody did also not yield any signals in the mouse testis sections so we could not reproduce the reported results in mice [42] which were obtained with a noncommercial antibody. PRM1, the protein that finally replaces most histones and all transition proteins from spermatid chromatin, was detectable in equine Sd7 and persisted throughout later spermatid steps ( Figure 7A ). In the mouse, PRM1 appeared in spermatid steps 11 (Sd11) and later, which are the corresponding developmental steps as the equine Sd7 ( Figure 7B ). Collectively, these data (summarized in Figure 8 ) suggest that the exchange of nucleosomes for TP1 and PRM1 does not begin prior to spermatid elongation, indicating a temporal separation of H4K5 and H4K8, but not H4K16, acetylation events in round spermatids from nucleoprotein exchange in elongating spermatids.
Discussion
The finding that in the stallion prominent H4 acetylation in positions K5, K8, and K12 occurs immediately after meiosis was unexpected because in mice these events are prevalent only at the onset of spermatid nuclear elongation [43] . Using the same experimental conditions and antibodies, we confirmed the puzzling difference in H4 lysine acetylation between the species by analyzing mouse and stallion tissue side by side. Several studies conducted in mice, rats and Drosophila reported highly acetylated H4 to be present in elongating spermatids where it was associated with histone displacement in spermiogenesis [43] [44] [45] [46] [47] . However, a study in human reported that more than 98% of all spermatids, round or elongated, showed H4 hyperacetylation as detected by an antiserum raised against human hyperacetylated (penta) H4 histones [40] . This finding is reminiscent Figure 8 . Chromatin modification events in stallion spermatogenesis. A summary of the in situ immunofluorescence results revealed the similarity of timing of H4K5 and H4K8 lysine acetylation events with lysine hyperacetylation of H4 detected by the H4ac (penta) antibody (upper panel). H4K12 and H4K16 acetylation events followed different patterns as they were already present in pachytene spermatocytes or restricted to Sd6 spermatids, respectively. The expression of the noncanonical histone variants H2AFZ and TH2B (lower panel) occurs concomitantly with H4K12 acetylation (upper panel). Nuclear expression of TP1 and PRM1, which later replaces most of the nucleosomes in elongating spermatids were late events. A1, A2, A spermatogonia; B1, B2, B spermatogonia; BTB, blood-testis barrier; D, diplotene spermatocytes; eSd, elongating spermatids; rSd, round spermatids.
of our data in the stallion, supporting the surprising view that the timing of histone hyperacetylation may be a species-specific event.
Progressive acetylation of H4 in lysine residues K5, K8, K12, and K16 adds negative charges to the histone and thus, in addition to acetylation of other critical lysine residues in other histones, such as H3K122 and H3K64, destabilizes the nucleosome and weakens its binding to DNA [47] . The finding that H4K5ac, H4K8ac, and H4K12ac are already present in early round spermatids, approximately 1 week before nucleosomes are removed, indicates that these marks are not directly linked to histone eviction as results in rodents have suggested, and raises the question what the primary functions of H4K5ac and H4K8ac in round spermatids are.
H4K5ac and H4K8ac are collectively bound by the first bromodomain (BD1) of the bromodomain testis-specific protein (BRDT) [48] [49] [50] . Binding of BRDT to acetylated H4 is essential for successful histone removal and sperm development because deletion Figure 9 . Similarities and differences between equine and murine chromatin remodeling during spermatogenesis. When aligning cell types and timelines of equine (top) and murine (bottom) spermatogenesis in this overview over the data obtained in this study, time intervals between key events in spermatogenesis were calculated using known cycle length data [30, 37] and expressed as fractions of total cycle lengths (in %) in stallion and mouse. Comparing these intervals revealed that timing of events in spermatogenesis of the two animals is relatively similar. Developmental germ cell stages (using the stallion in the graphic), where the denoted proteins and post-translational protein modifications were detectable, are indicated by the horizontal bars. The main difference between the two species was in the timing of H4 acetylation events which is highlighted by the red circle. The pale bars in the red circle indicate that some studies have previously shown the possibility of some weak H4 acetylation in spermatid steps Sd1-8 of the mouse (such as in [43] ). Mouse immunofluorescence data were obtained using the same antibodies that were used for the analyses of the stallion (see supplemental data), except for H2AFZ. The H2AFZ antibody that was used in stallion testis sections did not recognize the mouse protein, and published data obtained with a custom antiserum [42] in mice were used for the comparison.
of BD1 results in deformed sperm with excessive histone retention, teratozoospermia, and male infertility [51] . The precise function of BRDT in histone eviction from spermatid chromatin has not been understood and different models have been proposed such as direct mechanical "squeezing" of chromatin fibers by polymerizing BRDT proteins [52] . This process likely involves binding of other proteins including beta actin and SMARCE1 [46] . SMARCE1 is a subunit of the SWI/SNF family of ATP-dependent chromatin remodelers and its recruitment by BRDT in the presence of hyperacetylated H4 provides a plausible mechanism by which H4 hyperacetylation results in nucleosome removal [46] . The data presented here suggest that BRDT binding to H4K5ac and H4K8ac, and perhaps H4K12ac, may not be sufficient to recruit SMARCE1 in the stallion and to initiate nucleosome eviction because if that was the case, the early appearance of these marks in round spermatids immediately after meiosis would likely result in nucleosome eviction in round Sd1 spermatids. However, this does not seem to be the case as we find nuclear deposition of TP1 to occur only much later in elongating equine and murine spermatids ( Figures 5, 8 and 9 ). BRDT has also been shown to function in transcriptional repression during spermatogenesis where it forms a complex with HDAC1, protein arginine methyltransferase 5 (PRMT5), and tripartite motif-containing 28 (TRIM28) [53] and in RNA processing [54] . Hypothetically, H4K5ac and H4K8ac marks may therefore be involved in gene expression regulation via these pathways in round spermatids which are transcriptionally active before they cease all gene expression in the elongation phase. It is likely that other bromodomain proteins, such as BRD4 [55] and other protein factors may also play important roles in the removal of nucleosomes from spermatid chromatin, but details remain to be elucidated.
As mentioned in the Results section, PL cells showed clear acetylation of H4 in K5 and K8 positions, and additionally pachytene spermatocytes regularly showed weak nuclear fluorescence using H4ac (penta) and H4K5ac or H4K8ac antibodies which may be specific ( Figure 2 ) while our secondary antibody controls were entirely negative (Supplemental Figure S1 ). An interesting question arising from this finding might be whether histone acetylation events, which create an open chromatin structure, could also be involved in the insertion of noncanonical histone variants such as TH2B or H2AFZ into the chromatin to replace canonical histones in PL and pachytene cells. Canonical histones are expressed during S-phase and deposited onto the DNA during DNA replication, but noncanonical histone variants such TH2B or H3.3 have the ability to be inserted into the chromatin throughout the cell cycle in absence of DNA replication, during transcription or DNA repair [18, 22, 56] . Noncanonical histone variants exert various structural and gene regulatory functions during spermatogenesis. For example, TH2B is a testis-specific histone variant that takes the place of most of the canonical H2B during spermatogenesis [57] , where it has a destabilizing effect on nucleosomes in spermatids to facilitate the transition of nucleosomes to transition proteins and protamines [58] . By what mechanisms TH2B is incorporated into the chromatin remains to be elucidated, but it seems a plausible hypothesis that the chromatin opening effect of H4 acetylation may be involved in this process.
A histone H4 acetylation event common to all mammals is H4K16 acetylation in elongating spermatids. Because all other relevant H4 acetylation marks are already present early in spermiogenesis, our data suggest that the H4K16ac mark may be of particular importance to histone eviction. H4K16 acetylation may provide the last negative charge needed to tip the balance towards binding of a remodeling complex via BRDT or another bromodomain protein. H4K16 acetylation occurs independently from H4K5 and H4K8 acetylation [59] and is mediated by the acetyltransferase KAT8 (also known as MYST1, MOF). KAT8 is also a necessary component of DNA strand break repair where it is phosphorylated by ATM in response to DNA double strand breaks. KAT8 colocalizes with phosphorylated H2AFX in the vicinity of DNA strand breaks in somatic cells [60] . Intriguingly, elongating spermatids undergo genome-wide DNA torsional relaxation during a short time window when TOP2B activity introduces controlled DNA double-strand breaks in a decatenation reaction [6, 61, 62] . TOP2B-mediated DNA decatenation activates DNA strand break-dependent DNA damage signaling pathways mediated by the ATM-and poly(ADP-ribose) polymerase-(PARP) pathways in rat elongating spermatids [9, 28, 63] . PARP activity also negatively regulates the activities of TOP2B [13] and ATM [64, 65] , buttressing the importance of DNA damage response pathways in the chromatin remodeling process that takes place in elongating spermatids.
In summary, this report provides the first comprehensive characterization of the nucleoprotein exchange during stallion spermiogenesis in comparison with the mouse (Figure 9 ). Data obtained in the stallion show a temporal separation between acetylation of H4K5, H4K8, and H4K12 acetylation (H4 hyperacetylation) and the insertion of TP1 as an indicator of beginning histone eviction. The results support the hypothesis that H4K16ac is the key acetylation mark that initiates the nucleoprotein transition from the histone-to a protamine-based chromatin structure and therefore provides another link between histone eviction and DNA strand break repair pathways elicited by TOP2B activity in the elongating spermatid. Because strong H4 acetylation in K5, K8ac, and K12 position of nucleosomes in all spermatids, round and elongated are also observed in humans [40] , the stallion may be a particularly well-suited model for the epigenetic regulation of chromatin remodeling events in human spermatogenesis compared to the mouse.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Antibody specificity controls. (A) Antibodies used for immunofluorescence analyses were tested for their ability to recognize bands of the correct size in immunoblot analyses. The antibodies used in this study gave single bands in SDS-PAGE western blot analyses of testicular protein lysates of immature (I1, I2 pubertal horses one year of age where the most developmentally advanced germ cells were pachytene spermatocytes) and mature (M1, M2) horses, 3 and 4 years of age with fully developed spermatogenesis, except for the H4ac (penta) antibody, which gave at least two bands. Because the immature stallions lacked spermatid stage germ cells, testis lysates from these animals had weaker or absent bands in the immunoblots. The pH2AFX bands only gave weak signals in mature stallions and none in immature colts. Alpha TUBA was used as a loading control. (B) Negative, secondary-antibodyonly controls (shown for stallion) were used throughout the study to control for background and tissue autofluorescence. The Cy3 and AF488 images are enhanced for brightness and contrast to purposely show background and would otherwise appear near-black at normal, much shorter exposure levels that were used for the analyses shown in the main figures. DaM AF488, donkey antimouse, AlexaFluor 488 labeled; DaR Cy3, donkey antirabbit Cy3 labeled; DaR AF488, donkey antirabbit, AlexaFluor 488 labeled; DaM Cy3, donkey antimouse, Cy3 labeled; scale bars, 50 μm.
Supplemental
